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PRESSURE DISTRIBUTIONS INDUCED BY ELEVON DEFLECTIONS ON SWEPT WINGS 

AND ADJACENT END-PLATE SURFACES AT MACH 6 

Louis G. Kaufman II* and Charles B. Johnson 
Langley Research Center 


SUMMARY 

Detailed surface pressure distributions are presented for regions where 
three-dimensional separated flow effects are prominent on a model representa- 
tive of the fuselage-wing-elevon portions of hypersonic airplanes. The basic 
configuration model was composed of a sharp-leading-edge flat-plate wing of 
0°, 50°, or 70° sweepback with a trailing-edge elevon of 0°, 10°, 20°, or 
30° deflection. The model had an attachable outboard tip plate (representative 
of a tip fin) and an attachable inboard end plate (representative of an aft fin 
or fuselage section). Surface-oil-flow photographs and pressure distributions 
on the flat-plate wing, the elevon surface, and the end-plate, surface are pre- 
sented for numerous geometric variations, including various spacings between 
the elevon and the end plate, for a free-stream Mach number of 6 and a wing- 
root-chord Reynolds number of 20 x 10^, The data reveal considerably larger 
regions of elevon induced loads on the adjacent end-plate surface than would 
be anticipated by using inviscid flow analyses . For comparable flow condi- 
tions, the data can guide analyses of wing-sweep, elevon-def lection-angle, tip- 
plate, and end-plate effects on portions of hypersonic airplanes similar to the 
wing-elevon model used herein. 


INTRODUCTION 

Loads on high-speed aircraft surfaces can be altered greatly when shock 
waves impinge on the boundary-layer flows over these surfaces. Frequently, 
shock waves cause boundary-layer separation. The resulting surface pressure 
distributions are far different from those anticipated when shock-wave boundary- 
layer interaction is neglected. These interactions are well recognized as an 
important problem area in the design of high-speed aircraft and have prompted 
many investigations of shock-induced separated flows (refs. 1 and 2). The 
investigations have resulted in an understanding of some features of two- 
dimensional separated flows, but there are still many unansyrered questions 
pertaining to three-dimensional flow separation (ref. 3). The problem has 
eluded theoretical solutions, because of its complexity, but is of great prac- 
tical importance and has attracted much attention (refs. 1 to 4). An improved 
understanding of three-dimensional flow separation is needed for the efficient 
design of high-speed aircraft such as the shuttle, the advanced supersonic 
transport, and other high-speed vehicles. 

The particular problem addressed herein is flow separation caused by ele- 
von deflections on high-speed aircraft. Even small elevon deflections cause 
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shock waves that can impinge on adjacent fuselage and tip- fin surfaces. The 
interaction of the shock wave with the boundary layers on these surfaces can 
result in extensive regions of separated flow and can induce substantial pres- 
sure and thermal loads on the surfaces (refs. 3, 5, and 6). These increased 
loads can compromise an aircraft design. Although these effects are of vital 
importance to high-speed aircraft design, there are, unfortunately, very few 
experimental data of general applicability to three-dimensional separated 
flows, and no satisfactory analytical methods for predicting the interaction 
effects (refs. 7 to 9). 


The character of the boundary layer is one of the most important factors 
influencing shock-wave boundary-layer interactions (ref. 10), Unfortunately, 
wind-tunnel models of complete flight configurations usually have laminar or 
transitional boundary layers whereas the actual flight configurations will 
have predominately turbulent boundary-layer flows over their surfaces. This 
discrepancy, caused by size limitations of the model in a hypersonic wind tun- 
nel, makes questionable the validity of extrapolating small-scale model data 
to full-scale flight vehicles. 

An experimental program was designed to augment a much needed base of 
empirical data applicable to elevon induced separation on high-speed flight 
vehicles. Instead of using a complete flight configuration, a simple "wing- 
elevon" model was used to simulate the wing and aft fuselage portion of a typ- 
ical hypersonic flight configuration. (See fig. 1 and refs. 11 to 14.) The 
chord of the wing-el evon model could be made several times larger than the 
wing chord for a model of a complete configuration (for the same wind tunnel). 
Thus, more detailed data could be obtained in the interaction flow region. 
Further, chord-length Reynolds numbers comparable to those anticipated for 
flight vehicles could be achieved; consequently, the character of the boundary 
layer on the model will be similar to that on the flight vehicle. Fundamental 
shapes were chosen to insure general applicability of the data and to enhance 
the usefulness of the data in guiding theoretical analyses. Many geometric 
parameters were varied to provide data for determining effects of elevon 
deflection angles, wing sweep, and the presence of tip fins and adjacent fuse- 
lage surfaces. 


Experiments were conducted in the Langley 20-inch Mach 6 tunnel for root- 
chord Reynolds numbers of approximately 20 x 10^. Pressure and heating-rate 
distributions were obtained, as well as oil- flow and schlieren photographic 
data, for numerous model configurations. Because of the timely need for the 
data for current systems projects, the pressure data are presented essentially 
in their entirety in the present paper, with a minimum of analysis and compari- 
son with other pertinent data. 


SYMBOLS 

g width of gap between end plate and inboard edge of elevon, cm 

M Mach number 

P ratio of surface pressure to free-stream pressure, p/Poo 
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p 


pressure, Pa 


Rq Reynolds number based on free-stream conditions and length (64.14 cm) 

of wing root chord 

T temperature, K 

X streamwise distance measured along 'surface of wing and elevon from 

wing apex (wing leading edge for unswept wing) , cm 

y spanwise distance measured outboard from inboard edge of elevon, cm 

z distance measured on end plate upward from wing surface, cm 

e elevon deflection angle, deg 

0 elevon shock-wave angle, deg 

A wing sweepback angle, deg 

Subscripts: 

inv value calculated inviscidly, neglecting separation 

t stagnation conditions of free-stream tunnel flow 

1 local undisturbed flow conditions 

2 local flow conditions behind oblique shock wave 

“ free-stream flow conditions 

Abbreviations: 

HL hinge line 

L.E. leading edge 

tyP typical 


EXPERIMENTAL PROGRAM 
Model 

A "wing-elevon" portion of a typical high-speed flight configuration was 
used instead of testing a particular, complete, winged flight configuration. 
This approach has the advantage that, for a given test facility, the wing 
chord can be several times larger than the corresponding wing chord for a com- 
plete winged configuration. Therefore, more detailed data may be obtained in 
the interaction region. Furthermore, because of the larger wing chord, the 
root-chord Reynolds number is larger and can be made comparable to the Reynolds 
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number anticipated for flight configurations. The character of the boundary 
layer will therefore more closely approximate that anticipated for full-scale 
flight vehicles. By using fundamental wing-elevon geometries, the data gener- 
ated are of general applicability and can be used to guide theoretical analyses 
of interaction flow regions with a minimum of extraneous effects. Outlines of 
a typical hypersonic , flight configuration (refs. 11 to 13) and a wing-elevon 
model are sketched in figure 1 . 

Several investigators (e.g., ref. 15) have noted that boundary- layer tran- 
sition on swept wings with sharp leading edges occurs in a region parallel to 
the leading edge and that, for zero angle of attack, the flow over the wing 
is nearly streamwise. Therefore, at an eleven hinge line, the boundary layer 
may be characteristically turbulent inboard but laminar outboard (ref. 16). 
Because the character of the boundary layer strongly affects flow separation 
(ref. 10), wing sweep effects can be an important factor influencing separation 
ahead of an eleven. In order to investigate these effects, wings having sweep- 
back angles of 0°, 50°, and 70° were fabricated (fig. 2). The wings had 
machined sharp leading edges and a partial-span trailing-edge eleven that 
could be set at a 0°, 10°, 20°, or 30° (flow compression) deflection angle. 

In order to obtain fundamental data, the eleven was sealed to the wing surface 
to prevent any air flow between the wing and the eleven. 

The model had an attachable end plate to simulate, in fundamental form, 
an aft fuselage section. (However, the end plate did not have the upstream 
boundary-layer growth that the flight-vehicle fuselage would have.) Thus, 
data may be obtained in the absence of end-plate effects, as for the lower 
wing surface of the flight configuration outlined in figure 1, or with effec- 
tive inboard end plating, as for the upper wing surface. As indicated in fig- 
ure 2(b), the model also had an attachable tip plate. When attached to the 
wing surface, the tip plate was sealed to the eleven to prevent air flow 
between the tip plate and the eleven. 

In order to investigate the effects of air flow between an eleven and aft 
fuselage section, the end plate is attachable in different spanwise positions 
on the wings. The resulting gaps between the eleven and end plate can be 
varied from zero (end plate sealed to eleven) to 1.27 cm (fig. 2). A photo- 
graph of the unswept wing with a 30° eleven and with the end plate and tip 
plate attached and sealed to the eleven is shown in figure 3- 

As indicated in figure 4, the wing, eleven, and end-plate surfaces have 
dense rectangular arrays of pressure taps in the anticipated interaction flow 
region. Five separate tunnel runs were required to measure and record pres- 
sures at all of the pressure orifice locations shown in figure 4. For many 
model configurations, the pressures were measured and recorded at only selected 
pressure tap locations. 


Test Conditions 

The experiments were conducted in the Langley 20-inch Mach 6 tunnel. This 
is a blowdown wind tunnel with an approximately 50.8-cm square test section 
(refs. 17 and 18). The tunnel has a model injection system in a vacuum tight 
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chamber directly beneath the test section. A photograph of the tunnel test 
section is shovm in figure 5. The model, strut mounted to the injection system 
beneath the tunnel test section, is visible in the photograph. 

In order to obtain as large a Reynolds number as possible, and the most 
accurate pressure data, the tunnel was operated near its maximum stagnation 
pressure operating conditions for all of the subject test runs. Nominal values 
of the stagnation pressure p^. and temperature are shown in table I, along 

with the free-stream Mach number Maj and the free-stream Reynolds number Rq, 
based on the model root-chord length of 64. cm. Inboard, the boundary layer 
is turbulent well upstream of the hinge line; however, the boundary-layer char- 
acter may well be transitional near the hinge line on the outboard portion of 
the 70° swept wing. The types of data presented in this paper for various 
model configurations are indicated in table II. No schlieren photographs were 
taken with the end plate attached to the model. Unless otherwise indicated in 
table II for the configuration with the end plate attached to the model, data 
were obtained only for a zero gap width (end plate sealed to eleven). 


Test Procedures and Data Reduction 

For each tunnel run, the tunnel flow was first started and established. 

The model was then injected into the tunnel flow, and selected pressure ori- 
fices were monitored on strip-type recorders. When the monitored pressures 
had stabilized, the pressure data were recorded on an analog-digital system. 

Up to 19 pressures were recorded at one time, while the remaining pressure 
tubes were pinched closed. The first bank of pressure tubes was then pinched 
closed, and a second bank of 19 pressures was recorded. Nineteen transducers 
and 3 pinch bars allow recording up to 57 pressures during any one tunnel run. 
The tunnel total temperature, total pressure, and model wall temperature 
remained essentially invariant from one bank of pressure tube recordings to 
the next during any one tunnel run. After all the pressure data were recorded, 
the model was ejected from the tunnel flow. . Schlieren flow photographs were 
taken for selected configurations while the pressure data were being measured. 
As described in the following section, a repeat run was made for a selected 
configuration (30° elevon on unswept wing with end plate attached); and the 
repeatability of the measured pressures was found to be excellent . 

The oil-flow technique was used to ascertain the location of separation 
and reattachment on the wing, elevon, and end-plate surfaces. The same model 
was used, but the inserts with the pressure orifices were replaced with sili- 
cone rubber inserts. The resulting model wall temperature was negligibly dif- 
ferent. The model surfaces were prerubbed with silicone oil (Dow Corning® 

550 fluid). A random pattern of varying size oil drops was then splattered on 
the model surfaces by using a mixture of 10 ml of the same oil, 10 ml of tita- 
nium dioxide, and 1 ml of oleic acid. The tunnel flow was started, and the 
model was injected into the established tunnel flow. The oil flow was observed 
(with TV camera), and top and side motion pictures (10 frames per second) of 
the oil flow were obtained during the tunnel run. Once the oil-flow pattern 
was firmly established and there was no further apparent oil droplet movement, 
the model was ejected from the tunnel flow and then the tunnel flow was 
stopped. Next, still photographs of the model were taken. The length of 
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separated flow, ahead of the eleven (as indicated by the oil accumulation line, 
ref. 16) was measured directly on the wing surface, and the apparent location 
of reattachment was measured directly on the eleven surface after each oil-flow 
tunnel run. Prior to each oil-flow tunnel run, a rectangular grid was placed 
on the model, and the model was photographed in the test section with motion- 
picture cameras. The grid served as a reference for scaling the oil-flow 
motion-picture frames . 

Profile schlieren flow photographs were taken when neither the end plate 
nor the tip plate was attached to the model (table II). Finally, strip 
recorders were used to record the tunnel-flow total pressure and total tem- 
perature during each tunnel run. 


PRESENTATION OF RESULTS 

The experimental results are presented for the unswept wing in figures 6 
to 45, for the 50° swept wing in figures 46 to 60, and for the 70° swept wing 
in figures 6l to 105. For each wing, data are presented for undeflected eleven 
configurations, and for configurations with 10°, 20°, and 30° elevon deflection. 
For each elevon deflection, data on the wing and elevon surfaces (including 
profile schlieren flow photographs) are presented before data for the end-plate 
surface . 

Pressures measured on the model surfaces are nondimensionalized by using 
the free-stream static pressure (calculated, from p^ and the calibrated tunnel 
Mach number of 6 for the subject- test total pressure) for each tunnel run. The 
resulting ratios P = p/p^ are insensitive to minor variations in the tunnel- 
flow free-stream pressure from run to run. Pressure ratios on the wing, 
elevon, and end-plate surfaces are listed adjacent to their pressure tap loca- 
tions in carpet plots (e.g., fig. 8) for nearly all model configurations. For 
selected configurations (e.g., fig. 10), streamwise distributions of the pres- 
sure ratios are plotted in addition to the carpet plots. In both types of 
plots, X is the surface streamwise distance; a true view of the elevon sur- 
face is depicted in the carpet plots instead of the projection of the tap loca- 
tions in the plane of the wing. 

The hinge-line location and inviscid-flow value of the pressure ratio on 
the elevon surface are indicated (e.g., fig. 10) in the streamwise plots of the 
pressure ratios. The inviscid-flow value of pressure ratio is calculated in 
the following manner . The average measured pressure ratio on the wing surface 
for no elevon deflection (pi/Pa,) arid a free-stream Mach number of 6 are used 
in oblique-shock relations ^ref. 19) to obtain M.| , the Mach number of the 
undisturbed flow over the wing surface. This Mach number and the elevon 
deflection angle are used in oblique-shock relations to obtain the pressure 
rise (P 2 /p-|) °i the elevon surface. This pressure rise is multiplied by the 
pressure ratio of the undisturbed flow on the wing surface to yield the 
inviscid-flow value of the pressure ratio on the elevon surface (P = P 2 /P«)* 

On the end-plate surface, the elevon location is indicated by a solid line 
(e.g., fig. 14) when the elevon is sealed to the end plate and by a dashed line 
(e.g., fig. 41) when there is a gap between the elevon and the end plate. The 
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location of the inviscid-flow shock wave generated by the eleven is indicated 
by a dotted line (e.g., fig. 14) on the end-plate surface. 


s 

Profile schlieren flow photographs showing the aft portion of the model 
are presented for model configurations having neither the end plate nor the 
tip plate attached. The eleven hinge-line location is indicated by HL (e.g., 
fig. 7) when there is no eleven deflection. 

Frames from profile and planform surface-oil-flow motion pictures are 
presented for selected configurations. Flow-separation line locations on the 
model surfaces are indicated by oil accumulation lines in these photographs 
(e.g., fig. 15). 


DISCUSSION OF EXPERIMENTAL RESULTS 
Wing and Eleven Surfaces 

Elevon deflection angle of 0° .- Pressure ratios on the wing and eleven 
surfaces for e = 0° vary randomly about the value 1.08 for both the unswept 
and 50° swept wings; the ratios are slightly less (P = 1.05) for the 70° swept 
wing. In all cases, the variation in P about the mean value is approxi- 
mately 0.04. Considering all cases, there is no consistent spanwise or stream- 
wise trend in the j values, and the pressure ratios are unaffected by attaching 
the end plate to the wing (compare, e.g., fig. 6 with fig. 8 and fig. 61 with 
fig. 63). The apparent boundary-layer thicknesses at the hinge location, 
scaled from schlieren flow photographs, are 0.79 cm for A = 0°, 0.78 cm for 
A = 50°, and 0.77 cm for A = 70° (e.g., figs. 7 and 62). Surface-oil-flow 

motion pictures indicate purely streamwise flow. No corner-flow or edge-flow 
effects are noticeable in the instrumented region of the model with or without 
the end plate and/or tip plate attached to the wing. 

i ^ ' 

Elevon deflection angle of 10° .- Surface-oil-flow and schlieren flow 

photographs give no indication of any flow separation from the wing surfaces 
ahead of the 10° elevens (e.g., figs. 12 and 67). For all three wings, the 
profile schlieren flow photographs indicate shock waves emanating from the 
elevon hinge lines; boundary-layer thicknesses at the hinge-line location are 
unaffected by the 10° elevens. The pressures on the unswept wing surface, 
including those adjacent to the hinge line, are unaffected by a 10° elevon 
deflection (fig. 11). However, for the most highly swept wing (A = 70°), the 
pressures start to rise (most notably outboard). at the tap locations on the 
wing adjacent to the hinge line (fig. 66). 

The pressure ratios on the elevon surfaces rise to values approaching the 
inviscid values Pinv = 3.96 for A = 0° and 50° and Pinv = 3.8l for 
A = 70° (e.g., figs. 10 and 65). (Pinv calculated by using the experi- 

mental P;/p„ and the calculated M-) just upstream of the hinge line.) The 
measured pressures attain their maximum values, which are approximately 5 per- 
cent less than the values calculated for inviscid flow, at approximately the 
midchord location of the elevon. For the 70° swept wing, the pressure rise is 
steepest along the farthest outboard line of pressure taps. For the unswept 
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wing, there is a small spanwise dropoff in the pressure on the eleven surface 
near the trailing edge (fig. 11). 

Attaching the end plate does not affect the pressure ratios on the wing 
and 10° eleven surfaces (e.g., figs. 13 and 68). Examination of planform 
surface-oil- flow motion pictures for all three wings reveals purely streamwise 
flow with no flow separation when the end plate is attached , with or without 
the tip plate attached . 

Eleven deflection angle of 20° .- Planform surface-oil- flow motion pictures 
give no evidence of separation ahead of the 20° elevens for any of the three 
wings. However, for the 70° swept wing, there is some evidence of a small 
region of reduced shear force on the eleven surface immediately downstream of 
the hinge line. Profile schlieren flow photographs for 20° elevens are similar 
whether the wing is unswept (fig. 18) or swept 50° or 70° (figs. 49 and 73). 

The schlieren photographs indicate shock waves emanating from within the 
boundary-layer flow over the wing surfaces just upstream of the 20° elevens, 
but the schlieren photographs do not indicate any region of separated flow 
upstream of the eleven hinge lines. The boundary-layer thicknesses at the 
hinge-line location remain unaffected by the 20° elevens. 

Pressure ratios on the wing surfaces are unaffected by the 20° elevens 
except for the tap locations adjacent to the hinge lines; at these locations 
the pressure ratios are approximately 10 percent larger than the undisturbed- 
pressure-ratio values (figs. 17, 48, and 72). The pressure ratios on the 
eleven surfaces increase to values approximately equal to the inviscid values 
Piny = 9.81 for A = 0° and 50° and P^^^ = 9.6l for A = 70° (p^^^ is 
again calculated by using Pi/Po, and M, ); the measured pressures attain these 
values at approximately the 40-percent eleven chord location (e.g., figs. 16, 
47, and 71). For the 70° wing, the pressure rise is steepest along the far- 
thest outboard line of pressure taps (fig. 72). For the 50° wing, the pres- 
sure rise is somewhat steeper along the farthest outboard line of taps i 
(fig. 50). For all three wings, there is a small spanwise dropoff in pressure 
on the eleven surface near the trailing edge (figs. 17, 48, and 72). 

Pressures on the 20° eleven surfaces are increased slightly when the end 
plate is attached to the wings and, as expected, the end plate prevents the 
inboard spanwise dropoff in pressure near the eleven trailing edge (figs. 19, 
50, and 74). The outboard spanwise dropoff in pressure on the eleven surface 
is prevented when the tip plate is attached to the unswept wing (fig. 20). 
Attaching the tip plate to the 70° wing results in increased pressures along 
the farthest outboard line of pressure taps (figs. 74 and 75). Leaving a gap 
between the eleven and the end plate on the 70° wing does not affect substan- 
tially the pressure ratios on the wing and eleven surfaces (figs. 75 and 76). 
Planform surface-oil-flow motion pictures do not indicate any significant 
regions of separated flow on the wing and eleven surfaces when the end plate 
is attached to the wings, with or without the tip plate attached. 

Eleven deflection angle of 30° -- Streamwise distributions of pressure 
ratios on the wing and 30° eleven surfaces resemble those typical of turbulent 
boundary-layer separation ahead of ramps (ref. 10). The pressures start to 
rise approximately 2 cm upstream of the hinge lines, there are knees in the 
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pressure-ratio distributions at the hinge-line locations, and then the pressure 
ratios continue to increase to values somewhat larger than those calculated for 
the inviscid flows = 18.76 for A = 0° and 50° and z 18,34 for 

A z 70° (Pinv once more calculated by using Pj/Poo *^l)‘ pres- 

sure ratios attain their maximum values around the 30-percent eleven chord 
location and then decay towards the inviscid values (figs. 24, 53, and 8l). 
Profile schlieren flow photographs are similar for the three wings (figs. 26, 

55, and 84). The photographs indicate regions of separated flow with shock 
waves emanating within the boundary-layer flows over the wing surfaces at loca- 
tions approximately 2 cm upstream of the eleven hinge lines. Just upstream of 
the hinge lines, however, the apparent boundary-layer thicknesses based on 
schlieren photographs (fig, 26) are essentially the same as those for the wings 
with no eleven deflection. In the photographs, there is an apparent necking 
down of the viscous flow over the eleven surface in the region where the flow 
reattaches. The pressure ratios attain their largest values near this region 
(figs. 24, 26, 53, 55, 8l, and 84), 

Examination of planform surface-oil-flow motion pictures reveals a steady 
location of the oil accumulation lines ahead of the 30° elevens. These lines, 
apparent in the motion-picture frames shown in figures 27, 56, and 83, indicate 
the location of flow separation ahead of the elevens. Separation lengths, 
scaled from the surface-oil-flow motion pictures, agree with those obtained 
from the schlieren flow photographs and streamwise pressure-ratio distribu- 
tions. The apparent locations of separation and reattachment, obtained by 
scaling the oil- flow pictures, agree well with those measured directly on the 
model surface immediately after each surface-oil-flow tunnel run. 

I 

The carpet plot of pressure ratios on the unswept wing indicates a reduced 
extent of separation along the inboard and outboard lines of pressure taps . 
This. is corroborated by the corresponding surface-oil- flow photograph (figs. 25 
and 27). For the ^50° and 70° swept wings, the extent of separation is reduced 
along the outboardi lines of pressure taps (figs. 54, 56, 82, and 83). The 
pressure rise is particularly steep along the farthest outboard line of pres- 
sure taps on the 70° swept wing. The steep pressure rise and reduced extent 
of separation can be attributed to the boundary layer being thinner on the 
outboard portion of the wing surface than on the inboard portion. 

With either the tip plate or end plate attached , the pressures in the 
separated flow region ahead of the eleven are generally increased, except at 
the tap locations farthest away from the added plate. Considering the stream- 
wise pressure gradient over the separated- flow region, this is probably indic- 
ative of a somewhat larger region of separated flow near the attached plate, 
rather than an increased pressure level throughout the entire separated- flow 
region. The attached plate prevents venting of the vortical separated flow and 
thus results in a greater extent of separated flow on the side adjacent to the 
attached plate (figs. 27, 31, 32, 56, 58, 83, and 86). Because of the thinness 
of the boundary layer on the outboard portion of the 70° swept wing, the effect 
of the tip plate in increasing the extent of separation is minimal for the 70° 
wing (figs. 86 and 91). 

On the 30° eleven surface, with no plates attached to the model, there is 
a spanwise decrease in pressure near the eleven trailing edge. The magnitude 
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of the spanwise decrease in P is diminished when the tip plate and/or the 
end plate are/ is attached to the model. These plates prevent some of the pres- 
sure loss on the eleven surface at the locations closest to the attached plate 
(figs. 25, 28, 29, 30, 54, 57, 82, 85, and 90). The 30° eleven aspect ratio 
is sufficiently large so that, for these test conditions, the tip-plate and 
end-plate effects are independent of one another. 

The effects of gaps between the eleven and the end plate on the distribu- 
tions of pressure ratios on the wing and eleven surfaces can be gleaned by 
examining figures 33 to 36 (cf. fig. 29) and figures 92 to 95 (cf. fig. 90). 

As expected, increasing the gap size slightly relieves the pressure on the 
inboard portion of the eleven surface. Surface-oil-flow photographs indicate 
a small decrease in the inboard extent of separation for the larger gap sizes 
(a 10-percent decrease for the largest gap size). (A repeat tunnel run, made 
for the configuration with the largest gap between the eleven and end plate 
(fig. 36), revealed that the pressure ratio values repeated within 0.5 percent, 
an indication of the repeatability of the pressure-ratio data.) 


End-Plate Surface 

Pressures measured on the end-plate surface were used in obtaining carpet 
plots of pressure ratios P over the surface. Profile surface-oil-flow motion 
pictures were reviewed to ascertain regions of disturbed flow on the end-plate 
surface. For all tunnel runs, once the surface-oil-flow pattern becomes estab- 
lished, it does not vary during the remainder of the run. Locations of oil 
accumulation lines are very steady throughout each tunnel run. j 

Pressure ratios on the end-plate surface for undisturbed flows (no elevon 
deflections) vary slightly about the values P = 1.06 for A = 0°, P = 11.09 
for A = 50°, and P = 1.10 for A = 70° (e.g., figs. 9 and 64). Profile 
surface-oil-flow motion pictures, both with and without the outboard tip plate 
attached, indicate purely streamwise flow on the end plate. No corner^flow, 
edge-flow, or tip-plate effects are noticeable in the region of instrumentation 
for any wing sweepback angle. 

For all elevon deflections, neither wing sweepback nor the addition of the 
outboard tip plate noticeably affects either the extent or magnitude of the 
elevon induced pressures on the end-plate surface. The surface-oil-flow pat- 
terns on the end-plate surface are unaffected by wing sweepback, whether or not 
the tip plate is attached to the model. 

Elevon effects .- Pressures induced on the end-plate surface by elevens on 
the adjacent wing surface attain maximum values near where the elevon surface 
joins the end plate (e.g., figs. 14, 51, and 100). For the 10° and 20° ele- 
vens , the pressure ratios induced on the end-plate surface remain less than ■ 
those attained on the elevon surface. However, the 30° elevon induces some 
pressure ratios on the end-plate surface that exceed those on the elevon sur- 
face itself (e.g., figs. 37, 59, and 96). This may be the result of a complex, 
multiple shock system near the end-plate surface. 
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The regions of increased pressures on the end-plate surface, induced by 
the elevens on the adjacent wing, are much more extensive than would be antic- 
ipated by using inviscid flow analyses. Without the end plate, the eleven 
shock-wave angles measured on the profile schlieren flow photographs agree 
well with the shock-wave angles 0 calculated for inviscid flows 0 = 18°, 

28°, and 41° for e = 10°, 20°, and 30°. The loci of these shock waves are 
indicated by dotted lines on the carpet plots of the pressure ratios on the 
end-plate surface. The eleven induced pressures on the end-plate surface 
increase over the undisturbed values far ahead of these shock-wave locations 
(e.g., figs. 21, 22, 59, and 69). 

The regions of increased pressure on the end-plate surface are delineated 
quite accurately by the oil accumulation lines evident in profile surface-oil- 
flow motion pictures (e.g., figs. 40, 46, and 79). The oil accumulation lines 
on the end plate form angles, with respect to the free-stream direction, of 
31°, 47°, and 58° for e = 10°, 20°, and 30°. The oil accumulation lines for 
G = 30° emanate from locations approximately 2 cm upstream of the 30° eleven 
hinge line (e.g., figs. 39, 60, and 97). When superimposed on the end-plate 
pressure-ratio carpet plots (dot-dash lines in figs. 14, 22, 37, 38, 42, 51, 

59, 78 , 96 , 98 , and 100), the locations of the oil accumulation lines accu- 
rately bound the regions of increased pressure. Downstream of the oil accumu- 
lation lines, the oil flow on the end plate parallels the oil accumulation 
lines, not the eleven surface (as might be expected using inviscid-flow 
analyses) . 

Gap effects .- Whenever an eleven is not sealed to the end plate, pres- 
sures on the shaded region of the end-plate surface (in the gap between the 
eleven and end plate) are measured and recorded. The locus of where the eleven 
surface, if extended, would intersect the end plate is shown as a dashed line 
on the carpet plots of the pressure ratios on the end-plate surface (e.g., 
figs. 42, 80 , and 103). The pressures measured on the end plate in the region 
shaded by the eleven are greatest near the upstream boundary of the region 
(dashed line). 

The overpressures induced by the eleven on the end-plate surface upstream 
of the shaded region diminish with increasing gap size (figs. 4l to 44 and 
102 to 105). Also, as expected, the extent of the region of increased pres- 
sures upstream of the eleven diminishes with increasing gap size. 

The decreased extent of the region of increased pressures on the end-plate 
surface ahead of the eleven is evidenced also by the oil accumulation lines 
apparent in frames from profile surface-oil-flow motion pictures (figs. 39, 

45, 97, and 99). Also evident in the surf ace-oil-f low photographs is the con- 
cave shape of the oil accumulation lines when there are gaps, as opposed to the 
straight-line shapes when the eleven is sealed to the end plate. Even for sub- 
stantial gap sizes, there apparently remains much upward flow on the end-plate 
surface in a direction more nearly alined with the oil accumulation line than 
with the eleven surface (fig. 45). 
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CONCLUDING REMARKS 


Data are presented on basic flat-plate configurations for which there are 
important three-dimensional separated flow effects that are not predictable 
with current theoretical methods. The configurations are representative of the 
fuselage-wing-elevon portions of hypersonic aircraft. The data, obtained for 
Mach 6 flows and a wing-root-chord Reynolds number of approximately 20 x 10^, 
can be used to guide analyses of flap or elevon induced loads on adjacent sur- 
faces of hypersonic aircraft for similar geometries and flow conditions. 

For the subject range of test conditions, the pressure on the forward 
portion of the elevon is considerably less than the value calculated by using 
inviscid flow theory. The tip plate and end plate prevent the spanwise dropoff 
in pressure on the aft portion of the elevon. The region of increased pressure 
on the end plate, induced by the deflected elevon, is considerably larger than 
that indicated using inviscid- flow elevon shock-wave angles. The surface flow 
on this region of the end plate parallels the oil accumulation line (which 
indicates the extent of the region of increased pressure), and not the 
deflected elevon surface direction. 

Wing sweepback had negligible effect on the surface pressure distribu- 
tions except for the farthest outboard line of pressure taps on the 70° swept 
wing. The effective aspect ratio of the elevon, for a 30° deflection, is suf- 
ficiently large so that tip-plate and end-plate effects are mutually indepen- 
dent. Increasing the gap size between the end plate and the elevon diminishes 
the extent of the region of increased pressures on the end-plate surface and 
diminishes the effectiveness of the end plate in preventing spanwise flow on 
the wing and elevon surfaces. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
February 2, 1977 
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TABLE I.- TUNNEL FLOW CONDITIONS 


Stagnation pressure, p^., MPa (psia) 3.56 (5l6) 

Free-streara pressure, p^, kPa (psia) 2.26 (0.327) 

Stagnation temperature, T^, K (°R) 498 ( 896 ) 

Free-streara Mach number, M„ 6 

Reynolds number, Rq 19.54 10 



TABLE II.- TYPES OF DATA PRESENTED FOR VARIOUS MODEL CONFIGURATIONS 
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Wing-elevon model 


Figure 1.- Outlines of typical hypersonic research airplane 

and wing-elevon model. 
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(b) Tip-plate geometry. 







2 ' 




Figure 3-- Photograph of unswept wing with eleven deflected 30° and with 

end plate and tip plate attached. 
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Figure 5.- Photograph of Langley 20-inch Mach 6 tunnel showing wing 
elevon model mounted on injection system beneath test section. 





Figure 6.- Pressure-ratio (P) distribution on wing and elevon surfaces for A = 0° and 
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End plate 



Figure 8- Preesure-ratio (p) diatrlbution on v,l„g and eleven aurfacea for 

e = O'J, and end plate attached. 
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Figure 9.- Pressure-ratio (P) distribution on end-plate surface for A = 0° and 




Streamwise pressure-ratio distributions on wing and 
evon surfaces for A = 0° and e = 10°. 






Figure 11.- Pressure-ratio (P) distribution on wing and elevon surfaces 

for A = 0° and e = 10°. 
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Figure 12.- Schlieren flow photograph for A = 0° and e = 10°. 




End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces 
for A = 0°, e = 10°, and end plate attached. 
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Figure 14.- Pressure-ratio (P) distribution on end-plate surface for A = 0° and e = 10°. 



Frame from profile view of surface-oil-flow motion picture 
for A = 0°, e = 10°, and end plate attached. 
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Figure 16.- Streamwise pressure-ratio distributions on wing and elevon 
surfaces for A = 0° and e = 20°. 




Pressure-ratio (P) distribution on wing and elevon surfaces 
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igure 18 .- Schlieren flow photograph for A = 0° and e = 20°. 


End plate 



Figure 19.- Pressure-ratio (P) distribution on wing and elevon surfaces 
for A = 0°, e = 20°, and end plate attached. 



End plate 


E 

u 



37 


Figure 20.- Pressure-ratio (P) distribution on wing and elevon surfaces 
for A = 0°, e = 20 °, end plate attached, and tip plate attached. 




Figure 21.- Pressure-ratio (P) distribution on end-plate surface for A = 0° and 




Figure 22 .- Pressure-ratio (P) distribution on end-plate surface for 

e = 20°, and tip plate attached. 
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Figure 23.- Frame from surface-oil-flow motion picture for A = 0°, e = 20°, 
end plate attached, and tip plate attached. 
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Figure 24.- Streamwise pressure-ratio distributions on wing and elevon 
surfaces for A = 0° and e = 30°. 
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Figure 25.- Pressure-ratio (P) distribution on wing and elevon surfaces 

for A = 0° and e = 30°. 
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Figure 26.- Schlieren flow photograph for A = 0° and e = 30°. 
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Figure 21 .- Frame from planform view of surface-oil-flow motion 
picture for A = 0° and e = 30°. 






Figure 28.- Pressure-ratio (P) distribution on wing and elevon surfaces for 

e = 30°, and tip plate attached. 





End plate 



Figure 29.- Pressure-ratio (P) distribution on wing and elevon surfaces for 

e = 30°, and end plate attached. 


End plate 



Figure 30.- Pressure-ratio (P) distribution on wing and elevon surfaces for 
e = 30°, end plate attached, and tip plate attached. 






END PLATE 
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Figure 32.- Frame from surface-oil-flow motion picture for 
e = 30°, end plate attached, and tip plate attached. 


End plate 



ressure-ratio (P) distribution on wing and elevon surfaces for A = 0°, e = 30°, 
and end plate attached 0.32 cm away from inboard edge of elevon. 



End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for A 
and end plate attached 0.64 cm away from inboard edge of elevon. 







End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for A 
and end plate attached 0.95 cm away from inboard edge of elevon. 
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Figure 36.- Pressure-ratio (P) distribution on wing and eleven surfaces for A = 0°, e = 30°, 
and end plate attached 1.27 cm away from inboard edge of eleven. 
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Figure 37.- Pressure-ratio (P) distribution on end-plate surface for A = 0° and e = 30°. 




Pressure-ratio (P) distribution on end-plate surface 

and tip plate attached. 
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Figure 39-- Frame from surface-oil-film flow motion picture for 
A = 0°, e = 30°, and end plate attached. 
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Figure 40.- Frame from surface-oil-flow motion picture for 
e = 30°, end plate attached, and tip plate attached. 




Figure 41.- Pressure-ratio (P) distribution on end-plate surface for 

and 0.32-cm gap between end plate and eleven. 
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Figure 42.- Pressure-ratio (P) distribution on end-plate surface for 

and 0.64-cm gap between end plate and eleven. 
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Figure 43.- Pressure-ratio (P) distribution on end-plate surface for A = 0 °, e = 30 °, 

and 0.95-cm gap between end plate and elevon. 




and eleven. 
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Figure 45.- Frame from surface-oil-flow motion picture for A = 0°, e = 30°, 
and end plate attached with 0.64-cm gap between end plate and eleven. 
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Figure 46.- Frame from surface-oil-flow motion picture for A = 50°, 

e = 10°, and end plate attached. 
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Figure 47.- Streamwise pressure-ratio distributions on wing and elevon 
surfaces for A = 50° and e = 20°. 








End plate 



Figure 50.- Pressure-ratio (P) distribution on wing and elevon surfaces for 
A = 50°, e z 20°, and end plate attached. 
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Figure 51.- Pressure-ratio (P) distribution on end-plate surface for A = 50° and 
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Figure 52.- Frame from surface-oil-flow motion picture for A = 50°, 

e = 20°, and end plate attached. 





Inviscid 
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Figure 53*- Streamwise pressure-ratio distributions on wing and elevon surfaces 

for A = 50 ° and e = 30 °. 
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Figure 55.- Schlieren flow photograph for A = 50° and e = 30°. 
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Figure 56.- Frame from surface-oil-flow motion picture 
for A = 50° and e = 30°. 





End plate 



Figure 57.- Pressure-ratio (P) distribution on wing and elevon surfaces for 

e = 30 °, and end plate attached. 


END PLATE 
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Figure 58.- Frame from surface-oil-flow motion picture for A = 50°, 

e = 30°, and end plate attached. 







59.- Pressure-ratio (P) distribution on end-plate surface 
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Figure 60.- Frame from surface-oil-flow motion picture for A = 50°, 
e = 30°, and end plate attached. 






Pressure-ratio (P) distribution on wing and elevon surfaces 
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Figure 62.- Schlieren flow photograph for A = 70° and 


End plate 



Figure 63.- Pressure-ratio (P) distribution on wing and elevon surfaces for 
A z 70°, e = 0°, and end plate attached. 











Figure 66.- Pressure-ratio (P) distribution on wing and elevon surfaces 

for A = 70° and e = 10°. 
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Figure 6?.- Schlieren flow photograph for A = 70° and 


End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for 
A = 70°, G = 10°, and end plate attached. 




69.- Pressure-ratio (P) distribution on end-plate surface for A = 70° and 
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Figure 70.- Frame from surface-oil-flow motion picture for A = 70°, 
E = 10°, end plate attached, and tip plate attached. 










10.32 



Figure 71 •- Streamwise pressure-ratio distributions on wing and elevon 
surfaces for A = 70° and e = 20°. 







Figure 72.- Pressure-ratio (P) distribution on wing and elevon surfaces 

for A = 70° and e = 20°. 
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Figure 73.- Schlieren flow photograph for A = 70° and e = 20° 



End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for 
A = 70°, e = 20°, and end plate attached. 



End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for 
e = 20°, end plate attached, and tip plate attached. 






End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for A = 70°, e 
te attached 0.64 cm away from inboard edge of elevon, and tip plate attached 




Pressure-ratio (P) distribution on end-plate surface for 











Pressure-ratio (P) distribution on end-plate surface 
e = 20°, and tip plate attached. 
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Figure 79.- Frame from surface-oil-flow motion picture for A = 70°, e = 20°, 
end plate attached, and tip plate attached. 





Figure 80.- Pressure-ratio (P) distribution on end-plate surface for A = 7 
0.64-cm gap between end plate and eleven, and tip plate attached 
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Figu: 
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Figure 83*- Frame from surface-oil-flow motion picture for 

A = 70° and e = 30°. 
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Figure 84.- Schlieren flow photograph for A = 70° and e = 30°. 


End plate 



Figure 85.- Pressure-ratio (P) distribution on wing and elevon surfaces for 
A = 70°, e = 30°, and end plate attached. 






103 


Figure 86.- Frame from surface-oil-flow motion picture for A = 70°, 
e = 30°, and end plate attached. 



End plate 



Figure 87 .- Pressure-ratio (P) distribution on wing and elevon surfaces for A = 70°, 
and end plate attached 0.64 cm away from inboard edge of elevon. 
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Figure 88.- Frame from surface-oil-flow motion picture for A = 70°, e = 
and end plate attached with 0.64-cm gap between end plate and eleven. 








End plate 



Figure 90.- Pressure-ratio (P) distribution on wing and elevon surfaces for 

end plate attached, and tip plate attached. 
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Figure 91.- Frame from surface-oil-flow motion picture for A = 70°, 
e = 30°, end plate attached, and tip plate attached. 




End plate 



Pressure-ratio (P) distribution on wing and elevon surfaces for A = 70°, e 
te attached 0.32 cm away from inboard edge of elevon, and tip plate attached 


End plate 
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Figure 93-- Pressure-ratio (P) distribution on wing and elevon surfaces for A = 70°, e = 30°, 
end plate attached 0.64 cm away from inboard edge of elevon, and tip plate attached. 







Figure 96*- Pressure-ratio (P) distribution on end-plate surface for A = 70° and 
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Figure 97.- Frame from surface-oil-flow motion picture for A = 70°, 

e = 30°, and end plate attached. 
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Figure 98 .- Pressure-ratio (P) distribution on end-plate surface for A =70° 

and 0.64-cm gap between end plate and eleven. 
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Figure 99-- Frame from surface-oil-flow motion picture for A = 70°, e = 30°, and 
end plate attached with 0.64-cm gap between end plate and eleven. 
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Figure 101.- Frame from surface-oil-flow motion picture for A = 70°, 
e = 30°, end plate attached, and tip plate attached. 





Figure 102.- Pressure-ratio (P) distribution on end-plate surface for A = 70°, 
0.32-cm gap between end plate and eleven, and tip plate attached. 





Figure 103.- Pressure-ratio (P) distribution on end-plate surface for A = 
0.64-cra gap between end plate eleven, and tip plate attached 





Pressure-ratio (P) distribution on end-plate surface for A = 7' 
i.95-cm gap between end plate and eleven, and tip plate attached 








Figure 105.- Pressure-ratio (P) distribution on end-plate surface for A = 70°, 
1.27-cm gap between end plate and elevon, and tip plate attached. 
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